Neocortical microcircuits are built during development and require the coordinated assembly of excitatory glutamatergic projection neurons (PNs) into functional networks. Neuronal migration is an essential step in this process. In addition to cell-intrinsic mechanisms, external cues including neurotransmitters regulate cortical neuron migration, suggesting that early activity could influence this process. Here, we aimed to investigate the role of cell-intrinsic activity in migrating PNs in vivo using a designer receptor exclusively activated by a designer drug (DREADD) chemogenetic approach. In utero electroporation was used to specifically express the human M3 muscarinic cholinergic Gq-coupled receptor (hM3Dq) in PNs and calcium activity, migratory dynamics, gene expression, and laminar positioning of PNs were assessed following embryonic DREADD activation. We found that transient embryonic DREADD activation induced premature branching and transcriptional changes in migrating PNs leading to a persistent laminar mispositioning of superficial layer PNs into deep cortical layers without affecting expression of layer-specific molecular identity markers. In addition, live imaging approaches indicated that embryonic DREADD activation increased calcium transients in migrating PNs and altered their migratory dynamics by increasing their pausing time. Taken together, these results support the idea that increased cellintrinsic activity during migration acts as a stop signal for migrating cortical PNs.
Introduction
Neocortical microcircuit function relies on a wide diversity of neuronal subtypes including a variety of excitatory projection neurons (PNs) and multiple subtypes of cortical interneurons (INs) (Rakic 2007; Greig et al. 2013; Huang 2014) . The assembly of this diversity of neuronal cell types into functional networks takes place during development and involves multiple steps including the proliferation, specification, migration, and circuit integration of cortical neuron subtypes (Rakic 2007; Evsyukova et al. 2013; Greig et al. 2013; Huang 2014) . Among these steps, the orchestrated migration of excitatory glutamatergic PNs and inhibitory GABAergic INs is a critical process required for the formation of neocortical microcircuits (Marin et al. 2010; Evsyukova et al. 2013) . Migration of cortical neuron subtypes is spatially and temporally coordinated by a large variety of cellintrinsic and -extrinsic cues (Heng et al. 2007; Marin et al. 2010; Evsyukova et al. 2013) . Among extracellular cues, neurotransmitter systems such as the GABAergic (Behar et al. 2000; LopezBendito et al. 2003; Bortone and Polleux 2009 ), the glutamatergic (Behar et al. 1999) , the serotoninergic (Riccio et al. 2009 (Riccio et al. , 2011 Murthy et al. 2014) , the noradrenergic (Riccio et al. 2012) , and the dopaminergic system (Crandall et al. 2007 ) regulate the migratory speed and positioning of different subtypes of cortical neurons. Several of these neurotransmitter systems such as GABA (Bortone and Polleux 2009 ) and serotonin (Murthy et al. 2014 ) have been shown to recruit intracellular signaling pathways such as calcium. In addition, muscarinic receptor subtypes are expressed in cortical progenitors and calcium transients as well as current responses can be triggered in these progenitors upon muscarinic stimulation (Ma et al. 2000) . In granule cells of the cerebellum, where the link between calcium fluctuations and migratory events has been studied in the greatest detail (Komuro et al. 2015) , the frequency of calcium transients is correlated to specific phases of the migratory process (Komuro et al. 2015) . In addition, experimental manipulation of calcium transients in granule cells modifies their migratory speed Rakic 1992, 1996) and their responsiveness to guidance cues (Komuro et al. 2015) . These findings support the general view that early activity regulates the migration and positioning of cortical neuron subtypes.
More recently, in vivo genetic manipulation of the membrane excitability of migrating neurons has been used to probe the cell-intrinsic role of activity in the migration of cortical INs (De Marco Garcia et al. 2011) . In migrating PNs, in utero electroporation of a voltage-gated sodium channel has been shown to increase the frequency of spontaneous calcium transients and arrest their migration, suggesting that increased neural activity acts as a stop signal for migration (Bando et al. 2016) . The migration of upper-layer PNs towards the cortical plate (CP) is a complex process involving sequential steps (Marin et al. 2010; Evsyukova et al. 2013) . After being generated asymmetrically from radial glia in the ventricular zone (VZ) (Noctor et al. 2001) , neural progenitors amplify through symmetric divisions in the subventricular zone (SVZ) (Noctor et al. 2004 ) and migrate into the intermediate zone (IZ) (Tabata and Nakajima 2003; Tabata et al. 2009 ), where they remain in a multipolar state before switching to glial-guided locomotion (Noctor et al. 2004; Ayala et al. 2007; Evsyukova et al. 2013) . Here, we aimed to investigate the role of cell-intrinsic activity in migrating PNs in vivo using a designer receptor exclusively activated by a designer drug (DREADD) chemogenetic approach (Urban and Roth 2015) . In utero electroporation at embryonic day 14.5 (E14.5) was used to specifically express the human M3 muscarinic cholinergic Gqcoupled receptor (hM3Dq) DREADD in upper-layer PNs and activity was induced during their migration though intraperitoneal (i.p.) administration of the inert ligand clozapine-N-oxide (CNO). Using this chemogenetic approach, we found that CNOinduced activation of hM3Dq expressed in migrating PNs increased their calcium activity, increased their pausing time without modifying their instant migratory speed, induced premature branching, and triggered transcriptional changes. Consequently, embryonic DREADD activation persistently affected the laminar positioning of PNs in vivo without affecting their upper-layer molecular identity. These results reveal that increased cell-intrinsic activity during embryonic development acts as a stop signal for migrating PNs and induces a persistent mispositioning phenotype in deep cortical layers.
Materials and Methods

Animals
Animal experiments were conducted according to Swiss and international guidelines and approved by the local Geneva animal care committee. Time pregnant CD1 mice used for in utero electroporations were obtained from Charles Rivers France. For in vivo stimulation of the hM3Dq receptor with CNO, pregnant females were weighted prior to i.p. injections in order to deliver CNO (Tocris) at a concentration of 0.3 mg/kg.
Tissue Processing and Immunohistochemistry
Pregnant females were euthanized by lethal i.p. injection of pentobarbital (50 mg/kg), embryos were collected by caesarian cut and brains were dissected and fixed overnight (O.N.) in cold 4% paraformaldehyde (PFA) dissolved in 0.1 M phosphate buffer (PB) pH 7.4. For postnatal brains, animals were deeply anesthetized by i.p. injection of pentobarbital and transcardially perfused with 0.9% saline followed by cold 4% PFA. Brains were cut on a vibratome (Leica VT1000S) at 60 µm for immunohistochemistry (IHC). Sections were kept at 4°C in 0.1 M PB saline (PBS) and were stained by IHC as previously described (Riccio et al. 2012 ) with the following primary antibodies: rabbit anti-TBR2 (1:500; ABcam), goat anti-BRN2 (1:50; Santa Cruz), rabbit anti-CUX1 (1:250; Santa Cruz), rat anti-CTIP2 (1:500; ABcam), goat anti-GFP (1:2000; ABcam) and goat anti-TOM (1:300, Sicgen). Secondary goat or donkey Alexa-488, -568 and -647 antibodies (Molecular Probes, Invitrogen) raised against the appropriate species were used at a dilution of 1:500-1000 and sections were counterstained with Hoechst 33258 (1:10 000).
In Utero Electroporation and Plasmids
Embryos from time pregnant E14.5 CD1 mice were electroporated in the lateral VZ of the dorsal pallium as previously described (Jacobshagen et al. 2014) . Briefly, dams were anesthetized with Isofluran (1% per volume oxygen; Baxter) and injected subcutaneously with Temgesic (0.1 mg/kg) (Schering-Plough). After fixation on a prewarmed surgery platform and sterilization with Betadine (Mundi Pharma), the abdominal cavity was open through 2 incisions along the midline. Embryos were injected into the lateral ventricle with 1 µL DNA containing solution using a Nano Injector (WPI). For better visibility and location of the injection site, 0.1% Fast Green (Sigma) was added to the DNA solution. Targeted labeling of neuronal progenitors residing in the VZ of the dorsal pallium was performed by applying electric pulses (5× 50 V, 50 ms ON, 950 ms OFF) through the forceps-like electrode encapsulating the embryonic head. After the procedure, the abdominal cavity was filled with prewarmed PBS, and wall and skin were closed using Ethilon Nylon sutures (Ethicon). Animals were allowed to recover on a heating pad before regaining their home cages. The following plasmids were used: Ubi-tdTOM, Ubi-GCaMP6, Ubi-GFP, pCAG-GFP, Ubi-hM3Dq-GFP, and Ubi-hM3Dq. All plasmids were amplified and purified according to Qiagen standard protocols.
Preparation of Acute Slices and Dissociated Cultures
In utero electroporated brains from CD1 embryos were dissected out in ice-cold Hank's balanced salt solution (HBSS) (Gibco). Brains were then embedded in HBSS (or in ice-cold artificial cerebrospinal fluid (ACSF) for calcium imaging experiments) with 3% ultra pure low melting point agarose (LMP agarose; Invitrogen or Roth) and 300-µm-thick slices were cut on a Vibratome (VT1000S; Leica) in ice-cold HBSS (or in ice-cold oxygenated ACSF for calcium imaging experiments). For primary cell cultures, electroporated pallial regions were isolated under a fluorescence dissecting scope (Leica, M165 FC) through microdissection. Isolated tissue was collected in ice-cold HBSS, manually triturated and dissociated in trypsin (0.25% Trypsin-EDTA, Life Technologies) at 37°C for 15 min and blocked in fetal calf serum in a volume of 1/10. Dissociated cells were then centrifuged for 5 min at 150 RCF (g) and cellular pellets were resuspended in neurobasal medium (NBM) (Invitrogen) at 37°C supplemented with 2% B27 (Gibco), 2 mM glutamine, 1% penicillin-streptomycin, 2 mM N-acetyl-cysteine, and 1 mM sodium pyruvate. Cells were plated in homemade sterilized plastic rings sealed with laboratory grease (Dow Corning High Vacuum Grease) on glass coverslips coated with poly-D-lysin (0.1 mg/mL) (Sigma) and cultured 1 day in NBM at 37°C and 5% CO 2 in an incubator.
Calcium Imaging
Calcium imaging experiments were performed on E17.5 and E18.5 acute cortical slices containing PNs electroporated at E14.5 with Ubi-hM3Dq and Ubi-GCaMP6. Slices were placed in a bath chamber (RC-26; Warner Instruments), immobilized with an anchor and continuously superfused with oxygenated ACSF or ACSF + CNO 200 µM (95% O 2 , 5% CO 2 ). A single recording consisted of a 10-15 min control phase directly followed by a CNO application phase of 10-15 min. Observations were performed on an inverted confocal microscope (Nikon A1R) equipped for live imaging (Life Technologies) with an oil-immersion ×40 objective (×40 1.3 CFI Plan Fluor WD: 0.2 mm). The software NIS-Elements AR (Nikon) was used to acquire images at 2 Hz and monitor intracellular calcium changes. Calcium events were measured with the NIS-Elements C (Nikon) software and analyzed using MatLab software for slice data or Clampfit (Molecular Devices) for culture data.
For calcium imaging in cortical cultures, embryos were electroporated at E14.5 with Ubi-hM3dq-GFP or Ubi-tdTOM and cortices were dissociated at E16.5 for culture preparation. On dayin-vitro 1, PNs were bath-loaded with Fura-2AM (2 µM in NBM; Molecular Probes, Invitrogen) in an incubator (37°C, 5% CO 2 ) for 20 min prior to recordings. Calcium imaging was done under an inverted epifluorescence microscope (Observer Z1; Zeiss) equipped with an oil-immersion ×40 objective (Zeiss Fluar ×40/ 1.3 oil Ph3) and a CoolSNAP-HQ camera (Visitron Systems) with continuous superfusion of oxygenated ACSF or ACSF + CNO 5 µM (95% O 2 , 5% CO 2 ). ACSF and microscope incubation chambers were kept at 37°C. The software MetaFluor (Molecular Devices) was used to acquire images at 1 Hz and monitor intracellular calcium changes. For pharmacological experiments, a baseline recording was obtained before challenging the cells with CNO. At the end of every experiment, cell viability was systematically assessed by a final superfusion of 100 mM KCl in ACSF.
Calcium Imaging Analysis
Relative calcium variations of a recording were computed for each neuron as ΔF/F 0 where ΔF is the average intensity during the full time-course of the acquisition minus the average intensity, F 0 , during the baseline period. The baseline was selected within the control phase and lasted 70 up to 200 s without exhibiting any calcium transient. Traces showing either increasing or decreasing overall trend were excluded from further analysis. Peaks of calcium transients were detected when the dynamics of the regional maxima exceeded 5 ± 0.5 standard deviations above the mean. Computation of the amplitude and duration of calcium transients was performed on peaks starting from and returning to the baseline value.
Time-Lapse Imaging and Analysis
For time-lapse imaging experiments, embryos were electroporated at E14.5 with Ubi-hM3dq-GFP or control reporter construct, 300-µm-thick cortical slices were prepared at E17.5 and placed on porous nitrocellulose (Millicell-CM, Millipore) inserts in Fluorodishes (WPI) at 37°C under 95% O 2 and 5% CO 2 . Fluorodishes were filled with NBM supplemented by Clozapine-N-oxide (CNO) (Tocris) at a concentration of 200 µM. Time-lapse imaging was performed on an inverted confocal microscope (Nikon A1R) equipped for live imaging (Life Technologies) with a long working distance ×20 objective (CFI Plan Fluor ELWD C ×20/0.45, Nikon). The microscope incubation chamber temperature was kept at 37°C with a constant flux (25 L/h) of 5% CO 2 humidified at 96%. The software NIS-Elements AR (Nikon) was used to acquire 40-µm-thick stacks (3-µm-stepped) images every 10 min during at least 10 h. For quantification, time-lapse stacks were processed on Metamorph and individual cells were tracked using ImageJ software. Instant migration speed was calculated as the total distance traveled by PNs divided by total imaging time excluding the pausing time. The percentage of pausing time was calculated as the fraction of time the cell nucleus was stationary during the imaging period.
Quantification of Pyramidal Neuron Distribution and Branching
Images of 60-µm-thick fixed slices at E17.5, E19 and P7 were taken using an inverted confocal microscope (Nikon A1R) equipped with an oil-immersion ×40 objective (×40 1.3 CFI Plan Fluor WD: 0.2 mm). Distribution of hM3Dq and control cells was quantified on Metamorph by placing a bin grid at the level of the somatosensory cortex. Bins corresponding to the CP, deep cortical layers, and IZ were pooled based on Hoeschst staining. At P7, the number of misplaced hM3Dq cells and control cells in layers 5, 6 and the white matter was counted per region of interest in the somatosensory cortex. Slices used for quantification of PN distribution at E17.5 were used to study their leading process morphology in the IZ. Leading processes were traced and branch points were analyzed using ImageJ software. Only neurons with the entire cell body contained within the z stacks were analyzed.
Fluorescence-Activated Cell Sorting and RNA Extraction CD1 embryos were electroporated with either Ubi-hM3Dq-GFP or Ubi-GFP and cortices were dissociated at E17.5 and E18.5. Each time point consisted of pooled embryos (n = 4-5). GFP+ neurons were sorted on a Biorad S3 cell sorter equipped with 2 lasers (488 and 561 nm) (Biorad Laboratories). Dead cells were excluded using far-red fluorescent Draq7 dye (Biostatus). The doublets were excluded by sideways scattered (SSC) height (H)/ SSC-width (W) and forward scattered (FSC)-H/FSC-W axis. GFP cells were selected on a GFP versus TOM dot plot in order to exclude autofluorescent cells. After fluorescence-activated cell sorting (FACS) collection, RNA was extracted using the ReliaPrep RNA Miniprep Systems (Promega) and stored at −80°C.
cDNA Libraries and RNA Sequencing RNA sample was reverse transcribed and amplified with the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing (Cat. No. 634890) and libraries were constructed with the Nextera XT DNA Library Prep Kit protocol (FC-131-1024) starting with 200 pg of amplified cDNA. The molarity and quality of each library were assessed with the Qubit (Thermofisher) and TapeStation (Agilent 2200) using a DNA High sensitivity chip (Agilent Technologies). The 12 libraries were pooled and loaded at 13 pM for clustering on 2 lanes of a Paired-end Illumina Flow cell. Reads of 50 bases were generated using the TruSeq SBS HS v3 chemistry on an Illumina HiSeq 2500 sequencer. In all, 2 × 50 bp reads were mapped with TopHat (Trapnell et al. 2012 ) on the mouse genome (GRCm38.p3, Ensembl release 78). Genes were quantified and tested for differential expression with Cuffdiff (Trapnell et al. 2012) . Results were analyzed in the R statistical language using the CummeRbund package (Trapnell et al. 2012) . Cuffdiff identified few genes with a corrected P value lower than 0.05. For pathway analysis, the set of up-and down-regulated genes between control and hM3Dq conditions at E17.5 included genes with an uncorrected P value lower than 0.05, and for which all replicates of one condition have strictly higher expression than all replicates of the other condition. Upand down-regulated genes were matched against the gene ontology (GO) to assess term enrichment with a hypergeometric test. GO terms associated with more than 2 genes and obtaining an uncorrected P value lower than 0.01 were retained.
Statistical Analysis
No statistics were used to determine optimal group sample size; however, sample sizes were similar to those used in previous publications from our group and others. Statistical analysis was performed on the GraphPad Prism software, version 6.0 using unpaired or paired Student's t-test, Mann-Whitney test, one-way or two-way analysis of variance with Bonferroni's or Sidak's multiple comparisons test. All results were expressed as mean ± standard error of the mean (SEM).
Results
Previous studies have suggested that neurotransmitters such as GABA, glutamate, and serotonin could act as regulators of PN migration (Behar et al. 1999 (Behar et al. , 2000 Riccio et al. 2011) . To identify the diversity of the neurotransmitter receptors expressed in migrating PNs, we labeled PNs using in utero electroporation targeting the dorsal pallium at E14.5 and isolated PNs using FACS at E17.5, a time point when PNs migrate radially toward the CP and at E18.5, when the majority of PNs have reached the CP (Fig. 1A-C) . RNA sequencing revealed expression of transcripts for a variety of receptors involved in glutamate, GABA, cholinergic, and monoaminergic signaling pathways, as well as for voltage-gated calcium channels (Fig. 1D-I, Supplementary Fig. 1 , Supplementary Material). These data suggest that various neurotransmitter systems may regulate the migration of PNs through activitydependent mechanisms. The specific role of these different neurotransmitter receptors on the activity and migration of PNs remains to be assessed using cell type-specific genetic approaches.
To investigate the role of cell-autonomous activity during the process of PN migration in vivo, we aimed to manipulate activity in migrating cortical neurons using the hM3Dq DREADD (Urban and Roth 2015) . We expressed hM3Dq in migrating PNs through in utero electroporation targeting the dorsal pallium at E14.5. Administration of CNO through i.p. injections has previously been shown to efficiently induce in vivo activation of Gq protein signaling in neurons expressing hM3Dq (Urban and Roth 2015) . To first determine whether CNO increased activity in immature migrating PNs, we electroporated a hM3Dq construct at E14.5, isolated migrating cortical neurons at E16.5 and performed calcium imaging following CNO application on dayin-vitro 1 electroporated PNs. As expected, application of CNO reliably induced calcium transients in hM3Dq neurons but not in control PNs (Fig. 2A,B) . To determine whether CNO-induced activity in migrating PNs modifies PNs positioning, we electroporated embryos with hM3Dq or a control plasmid at E14.5, injected pregnant dams with CNO from E15.5 to E18.5 and determined the positioning of electroporated PNs at E19.0 (Fig. 2C,D) . Strikingly, the fraction of hM3Dq PNs was significantly increased in the IZ and deep cortical layers following CNO injections compared with control PNs (Fig 2D) . These data indicate that increasing the cell-intrinsic activity of PNs during their migration process induces a mispositioning phenotype.
To assess whether CNO-induced activity persistently affects the migration of PNs, embryos were electroporated with control and hM3Dq constructs at E14.5, CNO injections were administered from E15.5 to E18.5 and brains were analyzed at postnatal day 7 (Fig. 3A) . Strikingly, a significant amount of hM3Dq PNs were found to be abnormally located in deep cortical layers in contrast to the control condition (Fig. 3B ), indicating that a transient increase in cell-intrinsic activity during the embryonic period leads to a long-lasting defect in the laminar positioning of PNs. Misplaced hM3Dq PNs located in deep cortical layers maintained expression of the superficial layer marker CUX1 (Nieto et al. 2004 ) to a similar extend as control PNs (Fig. 3C ), whereas they did not express the layer 5 marker CTIP2 (Arlotta et al. 2005) (Fig. 3D) . Overall, these data indicate that increased cell-intrinsic activity in PNs during the process of embryonic migration persistently affects their laminar positioning in the postnatal cortex without modifying their upper-layer molecular identity.
We next aimed to determine whether increased activity affects early steps of the migratory process when neural progenitors populating the SVZ and IZ undergo glia-guided locomotion. CNO injections were administered between E15.5 and E16.5 and the positioning of PNs was analyzed at E17.5 (Fig. 4A) . Quantification revealed that the percentage of hM3Dq PNs was significantly increased in the SVZ/IZ compartment (Fig. 4B) , suggesting that increased early activity affects glia-guided locomotion. In addition, we found that hM3Dq PNs migrating in deep cortical layers and activated by CNO displayed increased branching of their leading process compared with the control condition (Fig 4C) . In the SVZ/IZ region, the fraction of hM3Dq PNs expressing the intermediate progenitor marker TBR2 (Sessa et al. 2008) was not modified by CNO injections administered between E15.5 and E16.5 (Fig. 4D) . In addition, the percentage of hM3Dq PNs expressing BRN2, a key transcription factor regulating early neuronal differentiation of upper-layer PNs (Dominguez et al. 2013) , was comparable to control PNs (Fig. 4E,F) . These results indicate that increased early activity affects the migration and triggers premature branching of PNs but not early differentiation steps such as the generation of TBR2 intermediate precursors or the acquisition of upper-layer neuron molecular identity.
To directly test whether CNO could affect the calcium and migratory dynamics of PNs, neurons were electroporated with hM3Dq and GCaMP6 constructs at E14.5 and cortical slices were prepared at E17.5 and E18.5 for live imaging (Fig. 5A,B) . In order to first determine whether the frequency of calcium transients is linked to specific steps of the migratory process, we analyzed the frequency, duration, and amplitude of calcium transients in PNs migrating radially towards the CP (Supplementary Movie 1) and in PNs having reached their final destination in the CP (Supplementary Movie 2) . Quantifications revealed that the frequency but not the duration or amplitude of calcium transients in PNs having reached the CP was increased as compared with PNs migrating in the IZ and deep cortical layers, indicating that termination of migration coincides with increased calcium activity (Fig. 5C, Supplementary Fig. 2 ). We next aimed to assess whether CNO administration modified calcium transients in migrating PNs. To do this, GCaMP6 imaging was performed in the control condition and following CNO administration. Quantification revealed that CNO increased the frequency but not the duration or amplitude of calcium transients in migrating hM3Dq PNs as compared with controls (Fig. 5D , Supplementary  Fig. 2, Supplementary Movie 3) . These data thus indicate that calcium activity rises in PNs that have terminated migration and that DREADD activation in migratory PN increases their calcium activity.
We next aimed to directly test whether CNO-induced activity regulates the migration of PNs. To do this, confocal timelapse imaging was performed for at least 10 h in the presence of CNO and the migratory dynamics of hM3Dq and control PNs located in the IZ and deep cortical layers was assessed (Fig. 6A , Supplementary Movies 4,5). Quantification revealed that CNOinduced activity significantly increased the pausing time of migrating cells without affecting their instant migratory speed (Fig. 6B) . To determine whether CNO-induced activity and migratory changes were associated with transcriptional modifications, RNA sequencing was performed on hM3Dq and control PNs isolated using FACS at E17.5 following embryonic i.p CNO injections from E15.5 to E16.5. Heat maps display top candidate genes differentially expressed in the hM3Dq condition as compared with control (Fig. 6C, Supplementary Material) . The Chrm3 transcript was the top up-regulated transcript in the hM3Dq condition, thus validating the DREADD electroporation approach (Fig. 6D) . GO analysis performed on up-and downregulated genes revealed that differentially expressed genes were enriched in biological processes such as cell developmental process, cell differentiation, microtubule-based process, calcium ion transport, and homeostasis (Fig. 6E, Supplementary  Fig. 3, Supplementary Material) . Overall, these results provide a set of target genes that are triggered by increased early activity in migrating PNs.
Discussion
As cortical neuron subtypes migrate in the developing cortex they integrate a wide variety of extracellular signals including the extracellular matrix, guidance cues, and neurotransmitters (Ayala et al. 2007; Heng et al. 2007; Marin et al. 2010; Evsyukova et al. 2013 ). This has led to the general view that emerging neural networks could regulate the activity of migrating neurons. To a large extend, investigation of the role of activity on neuronal migration has been performed using in vitro preparations. Here, we used a chemogenetic DREADD approach to directly manipulate the activity of migrating cortical neurons in vivo and determined whether these manipulations affected the migration and positioning of upper-layer PNs. Using in utero electroporation of the hM3Dq DREADD in embryos and CNO i.p. injections in pregnant dams, we found that increased cell-intrinsic activity in immature PNs affected their exit of the SVZ/IZ compartment and persistently arrested their migration in deep cortical layers without modifying their upper-layer molecular identity. In addition, we found that hM3Dq-induced activity increased calcium transients in migrating PNs, increased the fraction of time PNs paused during glial-guided locomotion, and triggered premature branching of PNs, thus indicating that increased early activity in migrating PNs may act as a stop signal for migration. Finally, we identified activity-dependent transcriptional modifications in migrating PNs, thus providing molecular targets potentially mediating the effects of early activity on the migratory process.
Increased Early Activity Affects PN Migration and Cortical Laminar Positioning
Early activity in emerging networks plays a critical role in shaping the assembly of neural circuits (Katz and Shatz 1996; Spitzer 2006) . Activity in immature neural networks is often assessed using calcium imaging and patterns of calcium activity are present at early steps in the formation of cortical circuits including proliferation, migration, and early differentiation of PNs (Flint et al. 1999; Garaschuk et al. 2000; Weissman et al. 2004; Khazipov and Luhmann 2006; Bando et al. 2016; Rash et al. 2016) . Calcium activity in migrating PNs is likely to be under the control of a variety of extracellular signals, which are integrated by cortical neuron subtypes as they navigate in the developing cortex. Many types of cell-extrinsic cues have been shown to regulate neuronal migration including the extracellular matrix , growth factors (Polleux et al. 2002) , chemokines (Stumm et al. 2003; Liapi et al. 2008) , guidance cues such as reelin (Trommsdorff et al. 1999; , semaphorins (Marin et al. 2001; Chen et al. 2008) , netrins (Stanco et al. 2009 ), adhesion molecules such as astrotactins (Zheng et al. 1996; Wilson et al. 2010) , contactins, and connexins as well as a variety of neurotransmitters including GABA ( (Crandall et al. 2007 ), norepinephrine (Riccio et al. 2012) , and serotonin (Riccio et al. 2009 (Riccio et al. , 2011 Murthy et al. 2014) . To a large extend, the impact of extracellular signals on the activity of migrating cortical neurons has been studied using in vitro assays (Heng et al. 2007) . Only recently has the role of activity in migrating PN been explored in vivo through the cell type-specific manipulation of membrane excitability. This general strategy has relied on the use of in utero electroporation and manipulation of the sodium channel NaChBac (Bando et al. 2016 ) and the potassium channel KCNK (Bando et al. 2014) . Overexpression of NaChBac and down-regulation of KCNK in upper-layer PNs induced a persistent laminar mispositioning of upper-layer PNs in deep cortical layers (Bando et al. 2014 (Bando et al. , 2016 . Interestingly, a common effect of NaChBac and KCNK manipulations in migrating PNs was to increase their membrane excitability as well as the frequency of calcium transients, thus indicating that increased calcium activity affects PN migration. It should be noted that these manipulations were performed by inducing constitutive changes in ion channel expression (Bando et al. 2014 (Bando et al. , 2016 and did not allow the manipulation of activity specifically during the time window of embryonic neuronal migration. Our results thus complement these findings by showing that transient DREADD activation of PNs restricted during the phase of migration affects their migratory dynamics and induces a persistent laminar mispositioning in deep cortical layers. Here, we used the hM3Dq DREADD tool to induce activity in PNs. This construct was created by mutagenesis of the human M3 muscarinic G protein-coupled receptor (GPCR) and has been selected in yeast for CNO-mediated agonist activity and very low levels of constitutive activity (Urban and Roth 2015) . Following CNO activation, the hM3Dq DREADD has been shown to induce Gqmediated signaling in different cell types including neurons in vitro and in vivo (Garner et al. 2012) . Here, we showed that activation of hM3Dq during the embryonic time window of neuronal migration affected the ability of PNs to exit the SVZ/IZ compartment and maintain glial-guided locomotion in order to traverse deep cortical layers and reach the CP. Dynamic timelapse imaging revealed that these migratory alterations were due to the fact that hM3Dq activation increased the fraction of time PNs spend pausing and not their instant migratory speed while they ascend towards the pial surface. As a result, hM3Dq-induced activity led to a persistent laminar mispositioning defect where PNs were found misplaced in deep cortical layers and white matter. Increased activity during migration did not appear to affect the fate specification of upper-layer PNs. Indeed, the expression of BRN2, a transcription factor required for the early specification of upper-layer PNs (Dominguez et al. 2013) , was not altered in migrating PNs following hM3Dq activation. In addition, misplaced PNs in deep cortical layers maintained expression of CUX1, a transcription factor required for the specification of upper-layer PNs (Nieto et al. 2004) . Finally, at early stages in the SVZ/IZ hM3Dq activation did not alter the fraction of intermediate TBR2 progenitors (Sessa et al. 2008) , thus indicating that the differentiation process preceding migration is not affected by hM3Dq activation. Overall, our findings thus support the view that increasing the levels of activity in migrating PNs above physiological levels affect their migration and laminar positioning but not the acquisition of their molecular laminar identity.
Increased Early Activity Acts as a Stop Signal on Migrating PNs
A variety of cell-extrinsic cues have been shown to control cortical neuron motility but how cells integrate the diversity of cues to coordinate their migratory dynamics remains to be understood. In this perspective, it has been proposed that calcium transients could act as an integrative intracellular signal regulating neuronal motility (Zheng and Poo 2007) . Activation of different types of ionotropic receptors expressed on migrating cortical neurons such as AMPA receptors, NMDA receptors, the GABA A receptor, and the serotonin receptor 3 A have been shown to elicit calcium transients in migrating cortical neuron subtypes and to modulate their migratory dynamics (Soria and Valdeolmillos 2002; Bortone and Polleux 2009; Murthy et al. 2014) . In addition, studies performed on PNs and cerebellar granule cells indicate that the frequency of calcium transients is linked to specific phases of their migratory process (Komuro et al. 2001; Rash et al. 2016) , to their speed and responsiveness to guidance cues (Komuro and Rakic 1996; Komuro et al. 2015) . Finally, many different types of GPCR including muscarinic receptor are expressed in migrating PNs, thus suggesting that in vivo DREADD manipulation could provide insights on the potential impact of endogenous GPCR activation in PN migration. In this perspective, activation of the GPCR serotonin receptor 6 has been found to reduce the migratory speed of PNs (Riccio et al. 2011) . Here, we found that activation of hM3Dq increased calcium transients in migrating PNs and decreased their migratory behavior. Whether calcium transients are causally involved in these migratory changes remains an open question, since hM3Dq activation can lead to the activation of non-calcium pathways (Urban and Roth 2015) . However, the increase in hM3Dq-induced calcium transients was in the same frequency range as those observed following the manipulation of sodium and potassium channels (Bando et al. 2014 (Bando et al. , 2016 , which have been reported to affect the migration of PNs. Overall, our results further support the idea that increased frequency of calcium transients could act as a stop signal for migrating PNs. Although the molecular mechanisms mediating these effects remain to be established, we identified activitydependent transcriptional changes induced by increased activity in migrating PNs. Further studies are needed to determine the functional role of these genetic targets in mediating the switch between migration and circuit integration.
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